ϩ /CD31 Ϫ /CD144 Ϫ adipose-derived stromal cells (ASCs) showed that Ͼ90% coexpress mesenchymal (CD10, CD13, and CD90), pericytic (chondroitin sulfate proteoglycan, CD140a, and CD140b), and smooth muscle (␣-actin, caldesmon, and calponin) markers. ASCs demonstrated polygonal self-assembly on Matrigel, as did human microvascular endothelial cells. Coculture of ASCs with human microvascular endothelial cells on Matrigel led to cooperative network assembly, with enhanced stability of endothelial networks and preferential localization of ASCs on the abluminal side of cords. Bidirectional paracrine interaction between these cells was supported by identification of angiogenic factors (vascular endothelial growth factor, hepatocyte growth factor, basic fibroblast growth factor), inflammatory factors (interleukin-6 and -8 and monocyte chemoattractant protein-1 and -2), and mobilization factors (macrophage colony-stimulating factor and granulocyte/macrophage colony-stimulating factor) in media conditioned by CD34
ϩ ASCs, as well a robust mitogenic response of ASCs to basic fibroblast growth factor, epidermal growth factor, and platelet-derived growth factor-BB, factors produced by endothelial cells. These results demonstrate for the first time that the majority of adipose-derived adherent CD34 ϩ cells are resident pericytes that play a role in vascular stabilization by mutual structural and functional interaction with endothelial cells. Key Words: adipose stromal cells Ⅲ pericytes Ⅲ growth factors/cytokines O ver the past decade, interest has grown in identifying and characterizing progenitor cells isolated from a range of types of adult tissues, such as subtypes of endothelial progenitor cells, [1] [2] [3] [4] bone marrow-derived mesenchymal cells, 1, 5, 6 and satellite cells from skeletal muscles. [7] [8] [9] [10] Experimental models and clinical trials have shown that these cells stimulate angiogenesis in ischemic tissues and may preserve or rescue cardiac and brain function in the context of ischemic insult. Despite potentially significant therapeutic effects demonstrated by a majority of these cell types, their relatively limited availability in adult organisms (endothelial progenitor cells and mesenchymal stem cells [MSCs] ) or invasive nature of their procedures of their harvest (MSCs and myoblasts) may pose a challenge to their extensive clinical application. Accordingly, adipose-derived stromal cells (ASCs), which can be obtained in abundance through minimally invasive harvest procedures (lipoaspiration or abdominoplasty), present an important alternative for autologous cell transplantation.
Recently it has been shown that the ASC population, which includes cells that function as adipocyte progenitors (preadipocytes), 11 contains cells able to differentiate in vitro into multiple mesenchymal cell types [12] [13] [14] [15] [16] as well as hepatocytes, 17 neuronal cells, 18 endothelial cells (ECs), 19, 20 and cardiomyocytes. 21, 22 In addition, locally or systemically injected ASCs, whether freshly isolated or expanded, stimulate angiogenesis and mediate recovery of muscle tissues following ischemic insult. 19, [22] [23] [24] [25] [26] Despite the plasticity of ASCs in vitro, and their effects in experimental models in vivo, there is little knowledge of their natural localization, characteristics, and physiologic role(s) in vivo. Initial enzymatic liberation of ASCs yields a mixture of stromal and vascular cells (referred to as the stromal-vascular fraction [SVF]), indicating a spatial proximity. Several studies have examined surface marker profiles of the ASC population within the SVF and have observed that the total nonendothelial population is highly enriched for CD34-expressing cells. 19, 23, 24 This study was designed to define the in vivo localization of CD34
ϩ ASCs in adipose tissue and to further characterize their phenotype with respect to expression of surface markers and factors important for intracellular interactions, to help uncover their normal physiological functions, and to shed further light on their angiogenic properties.
To this end, we demonstrate, for the first time, the existence of a periendothelial subpopulation of ASCs that bear many hallmarks of pericytes and provide vascular stability through functional interaction with ECs. This information may help to delineate both their capabilities and limitations with respect to their potential clinical translation.
Materials and Methods

Isolation and Culture of Human ASCs
Human subcutaneous adipose tissue samples (Nϭ10), obtained from lipoaspiration/liposuction procedures were digested in collagenase type I solution (Worthington Biochemical, Lakewood, NJ) under agitation for 2 hours at 37°C and centrifuged at 300g for 8 minutes to separate the stromal cell fraction (pellet) from adipocytes. The pellet was resuspended in DMEM/F12 containing 10% FBS (Hyclone, Logan, Utah) filtered through 250-m Nitex filters (Sefar America Inc, Kansas City, Mo) and centrifuged at 300g for 8 minutes. The cell pellet was treated with red cell lysis buffer (154 mmol/L NH 4 Cl, 10 mmol/L KHCO 3 , 0.1 mmol/L EDTA) for 10 minutes. The final pellet was resuspended in EBM-2/5% FBS or EGM2-MV (Cambrex, Baltimore, Md).
Flow Cytometric Characterization of Human ASCs
Freshly isolated SVF cells, and cells cultured for 2 days on culture plastic, were analyzed for surface marker expression using a Calibur flow cytometer analyzer and Cell QuestPro software (Becton Dickinson Immunocytometry Systems). Day 2 cells were harvested with 2 mmol/L EDTA/PBS. All of the following steps were performed on ice. Cell pellets were incubated for 20 minutes with primary antibodies or matching isotype controls (5 g/mL). The primary antibodies used were CD10-phycoerythrin (PE), CD13-PE, CD31-PE, CD45-fluorescein isothiocyanate, CD34-allophycocyanin, CD90-PE, CD140a-PE, CD140b-PE, CD144-PE, and chondroitin sulfate proteoglycan (NG2) (Chemicon, Temecula, Calif). To detect nonlabeled primary antibodies, samples were incubated for 20 minutes with PE-conjugated antibodies (BD, San Diego, Calif), then washed with 2% FBS/PBS, and fixed with 2% paraformaldehyde.
Immunofluorescent Analysis of Adipose Tissue
Frozen sections of human fat tissue were simultaneously stained with rabbit anti-CD31 and mouse anti-human CD34 or with mouse anti-human CD31 and rabbit anti-CD140b antibodies. See the online data supplement, available at http://circres.ahajournals.org, for detailed procedures.
Immunofluorescent Analysis of Isolated ASCs
Freshly isolated ASCs were stained by immunofluorescence, 3 days after plating, against caldesmon, calponin, and ␣-smooth muscle actin antigens. See the online data supplement for detailed procedures.
Matrigel Assay
Human microvascular ECs (HMVECs) (passage 7) and ASCs (day 2 or passage 1) were labeled with PKH2 (green) and PKH-26 (red) (Sigma, St Louis, Mo), respectively. Twelve-well plates were coated with 600 L per well of growth factor-reduced Matrigel (BD). Plates were incubated at 37°C for 2 hours. Cells (10 5 cells/well). HMVECs and ASCs were plated separately or together at a ratio of 1:3 (7.5ϫ10 4 HMVECsϩ2.5ϫ10 4 ASCs) in 600 L of DMEM/10% FBS and were cultured at 37°C with 10% CO 2 and monitored frequently by fluorescent microscopy.
Generation of Conditioned Media
Human (h)ASCs and HMVECs were grown in EGM-2MV, in T75 flasks, until confluent, and media were changed to 10 mL of EBM-2/5% FBS. Seventy-two hours later, conditioned media (CM) was collected, centrifuged at 300g for 5 minutes, and frozen at Ϫ80°C. Cell counts were determined in a standard manner.
Proliferation Assay
Cells were grown for 24 hours in EBM-2/5% FBS before detachment with 0.05% trypsin/EDTA and replating into 12-well plates at 10 4 cells per well. Four hours postplating, media were changed to fresh EBM-2/5% FBS (control) or CM prepared as above. Four days later, cells were detached and counted.
Migration Assay
The bottom surfaces of Costar Transwell insert membranes, with pore diameters of 5 m for ASCs and 8 m for HMVECs, were coated with 50 g/mL rat tail collagen I (BD). Cells (3ϫ10 4 ) in 0.1 mL of EBM-2/5% FBS were added into each insert, and the inserts were placed into 24-well plates, with wells containing either controls or CM. Cells were allowed to migrate for 4 hours, after which the downward aspect of the inserts were stained for transmigratory cells with Diff-Quick (Dade Behring). Cells retained on the top surface of the membranes were eliminated using a cotton swab. Insert undersides were imaged and migratory cells quantitated using ImageJ software.
Evaluation of hASC Mitogenic Response to Individual Growth Factors
Freshly isolated ASCs were adhered on cell culture plastic for 2 days before harvesting attached cells with 0.05% trypsin/EDTA. Cells were seeded at 3ϫ10 3 cells/cm 2 in 12-well plates and allowed to attach overnight in EBM-2/5% FBS medium, which was then replaced with EBM-2/5% FBS alone (control) or EBM-2/5% FBS supplemented with basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), or platelet-derived growth factor (PDGF)-BB individually at final concentrations of 10 pg, 100 pg, 1 ng, or 10 ng each or the mixture of all of these, each at the specified concentration. Cells were cultured for 4 days, with a medium change after 48 hours, and then detached using 0.05% trypsin/EDTA, and viable cells were counted using a hemacytometer and trypan blue. Proliferation data are presented as the ratio of cells per well supplemented with growth factor to cells per well in control media.
See the online data supplement for detailed information regarding analysis of factor accumulation in CM of hASC and HMVECs, quantitative assessment of growth factors accumulated in HMVEC CM, and statistical analysis.
Results
Defining the Subpopulation of SVF Corresponding to ASCs
The objective of this study was to define the location of ASCs within adipose tissues. Initially, it was necessary to carefully define the phenotype of the ASC subpopulation contained within the mixed population comprising SVF. Multilabel flow cytometric analysis was performed using markers that allowed differentiation among 3 main cell types: ASCs, ECs, and leukocytes. In addition, we used dissimilar attachment and growth properties to further distinguish these. Endothelial and leukocyte cells use protein matrices to promote attachment and growth in culture. 27 
/CD45
Ϫ population revealed a significant subpopulation (20Ϯ5%) that coexpressed the EC markers CD31 and CD144. Culturing isolated cells on plastic resulted in enrichment to Ͼ85% of cells bearing the surface marker profile CD34
Ϫ ( Figure 1b ). Accordingly, this adherent fraction of nonendothelial CD34
Ϫ cells broadly defines the ASC population that has been previously characterized as pluripotent. The differentiation capacity of this purified population was confirmed by the demonstration that these undergo both osteogenesis and adipogenesis at high frequency (Figures I and II in the online data supplement).
CD34
؉ Cells in Adipose Tissue Are Associated With the Vasculature Immunofluorescent analysis of human adipose tissue sections established that the majority of CD34 ϩ cells were associated with vessels within the tissue ( Figure 2) . A significant portion of these cells also coexpressed CD31, and therefore were presumably capillary ECs. However, a separate and predominant population of CD34 ϩ cells, which did not express CD31, was 
Adipose-Derived CD34 ؉ /CD31 ؊ Cells Display Pericytic Markers In Vitro
The predominantly perivascular location of the CD34 ϩ / CD31 Ϫ cells suggested that these cells were pericytes, mural cells, which line and stabilize vascular endothelium in vivo. 27 The adherent CD34 ϩ /CD31 Ϫ population of SVF was thus characterized for expression of mesenchymal, pericytic, and smooth muscle cell markers. More than 95% of the adherent CD34 ϩ /CD45 Ϫ /CD31 Ϫ population coexpressed the mesenchymal cell markers CD10, CD13, and CD90 (Figure 3a) . Analysis of surface markers used to define pericytes 28 -30 ( Figure 3b ) revealed that the majority of the ASCs expressed chondroitin sulfate proteoglycan (NG2), CD140a, and CD140b (PDGF receptor-␣ and -␤, respectively). Analysis of cytoskeletal markers performed by immunocytochemistry of freshly isolated ASCs revealed that many ASCs also expressed the smooth muscle cell antigens caldesmon, calponin, and ␣-smooth muscle actin (Figure 4) . 
ASCs Occupy a Perivascular Position in Adipose Tissue In Vivo
The spatial relationship between EC and ASCs was evaluated by colabeling adipose tissue sections with antibodies specifically decorating each cell type. The surface antigen CD140b was highly expressed by ASCs (Figure 3b) but not microvascular EC (data not shown), whereas, as shown above, ASCs did not express the EC antigen CD31. Cells comprising capillary vessels in adipose tissue exhibited spatially separated expression of each antigen; CD31 (green) was specifically associated with cells forming the vessel lumen, whereas CD140b (red) was displayed on the surface of cells lining the exterior surface of the vessels ( Figure 5 ). Taken together, these data demonstrate that ASCs are pericytic cells that occupy a perivascular position in vivo. 
ASCs Coassemble With and Stabilize Newly Forming EC Networks
To test for a functional correlate of the ASC-EC proximity in vascular structures, we evaluated the effect of ASCs on formation and stabilization of EC network on Matrigel. As shown in Figure 6a , HMVECs cultured in growth factor-free media form temporary networks that started dissociating after 24 hours. Plating ASCs alone also revealed formation of networks on Matrigel. However, coculturing HMVECs with ASCs produced stabilized cell networks that remained intact for up to 5 days (nϭ9), when experiments terminated. Coculture of fluorescently labeled HMVECs and ASCs revealed that the cells formed a cooperative network of tubular structures on Matrigel matrix with HMVECs (green) forming the lumen and ASCs (red) overlaying tubes formed by HMVECs (Figure 6b ). Extending this finding into an in vivo system, we found that subcutaneous implantation of collagen/ fibronectin gels containing ASCs admixed with ECs into 
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nude mice (nϭ4) also demonstrated formation of humanderived vascular structures with both endothelial and mural layers, with the mural layer comprising ASCs (supplemental Figure IV) .
Paracrine Crosstalk Between ASCs and EC
To evaluate for paracrine crosstalk between ASCs and ECs, we evaluated the effects of CM collected from each of HMVECs and ASCs on the proliferation and migration of the complementary cell types. As is shown in Figure 7a , CM manifested strong mitogenic effects on ASCs. In 4-hour experiments, more than twice as many cells migrated through the filter in response to HMVEC CM as to control media EBM-2/5% FBS (PϽ0.001). In parallel with this chemotactic effect, HMVEC CM stimulated more than 3.5-fold expansion of ASCs compare with control media (PϽ0.001) (Figure 7b) . We evaluated the complementary effects of ASC-secreted factors on EC. Unlike the finding with EC CM, ASC CM did not stimulate proliferation to cell numbers above those originally seeded but rather demonstrated a strong prosurvival effect on microvascular EC, markedly limiting their death in basal medium. As is shown in Figure 7d , HMVECs cultured in EBM-2/5% FBS for 4 days exhibit cell loss, with 50% remaining viable (PϽ0.001), whereas exposing cells to ASC CM (at 1:1 dilution) for the same time supports 100% cell survival (PϽ0.001). Evaluation for HMVEC chemotaxis toward ASC CM (Figure 7c ) showed a modest but significant increase in migration compared with control media (nϭ9).
To evaluate factors responsible for such effects, we analyzed proteins secreted by freshly isolated ASCs and cultured HMVECs using antibody Arrays (RayBiotech). The protein profile in CM from ASCs revealed multiple angiogenic factors, including angiogenin, vascular endothelial growth factor, hepatocyte growth factor, bFGF, and ␤-nerve growth factor; the cytokines interleukin-6, -8, -11, and -17; and the cell-mobilizing factors monocyte chemoattractant proteins 1 and 2, granulocyte/macrophage colony-stimulating factor, and macrophage colony-stimulating factor (supplemental Figure Va and Vb). Notably absent were EGF, PDGF-BB, transforming growth factors, stromal cell-derived factor-1, and stem cell factor. See the online data supplement for all proteins detected, as well as their respective detection limits.
On the other hand, cultured HMVEC CM included multiple factors, such as bFGF, EGF, and PDGF-AA, -AB, and -BB (supplemental Figure Vc) . Several of these were quite distinct, whereas a few overlapped with the profile of ASC secretion (eg, bFGF). Quantitative analysis revealed that in HMVEC CM (72 hours), the concentration of factors were as follows: EGF, 83.6Ϯ51.0 pg/mL; bFGF, 243.0Ϯ46.4 pg/mL; and PDGF-BB, 405.2Ϯ85.0 pg/mL. The concentration of these in basal media before conditioning was below 2 pg/mL. The dose dependence of the effects of these factors on ASC proliferation was evaluated by the addition of each factor to basal medium. As shown in Figure 8 , these factors exert strong mitogenic effects on ASCs over concentrations that overlap with those secreted by ECs. Further evaluation revealed synergy among factors with respect to mitogenesis of ASCs. We observed significantly higher mitogenesis of ASCs to the factor mixture compared with individual factors at concentrations of 100 pg/mL for bFGF (PϽ0.05) and PDGF-BB (PϽ0.001) and 1 ng/mL for EGF (PϽ0.05) and PDGF-BB (PϽ0.01).
Discussion
This study demonstrates for the first time that stromal cells derived from subcutaneous adipose tissue, which have properties of preadipocytes 12, 15, 31 and manifest clonal pluripotency along multiple lineage pathways, 15, 32, 33 serve structurally and functionally as pericytes within adipose tissue. This finding sheds a unique light on their importance in normal adipose biology as well as the biological basis for their ability to promote vascularization and accelerate tissue perfusion in the context of ischemia.
Our study shows the prominent and consistent presence of the marker CD34 on freshly isolated ASCs, occurring in the absence of CD45, which distinguishes ASCs from cells of hematopoietic lineage. The variability in reports of ASC as CD34 ϩ , as well as CD34 Ϫ cells, 12,15,24 is likely a consequence of its consistent downregulation during culturing over a several-day period 24 ; passaged ASCs have been characterized as CD34 low or CD34 Ϫ . 12, 15, 24 We have found that CD34 antigen serves as a convenient tool for identifying the majority of freshly isolated ASCs, when used with the CD45 Ϫ and CD31
Ϫ phenotypes to exclude leukocytic and endothelial populations respectively. This study also demonstrates that the marker profile of ASCs shares much in common with bone marrow-derived MSCs, as also found in analyses of gene expression. 34 -36 One apparent distinction is a widespread and prominent degree of CD34 expression on ASCs, contrasting with descriptions of MSCs as lacking CD34. [37] [38] [39] Based on our observation that ASC expression of CD34 is rapidly downregulated in culture, 24 and that most isolation protocols for MSCs require extended culture periods before availability of MSCs for study, we hypothesize that MSC in situ may indeed express the CD34 antigen but this property is lost during expansion between isolation and surface marker evaluation. Indeed, early descriptions of MSCs reported enrichment of their colony-forming activity using CD34 ϩ selection 40
ASCs Express Pericyte Markers
The perivascular location of CD34 ϩ /CD31 Ϫ cells suggested a pericytic identity, which was confirmed by flow cytometry and further immunolocalization of these cells using a panel of markers associated with pericytes, including CD140a and CD140b (PDGF receptor-␣ and -␤), and NG2. Staining for these markers in adipose tissue confirmed a perivascular location for the ASC population. It is notable that these markers were present on most ASCs, as defined above (Ͼ95%), reflecting that pericytic cells are not a minor subset of ASCs isolated using standard methods but rather are substantially identical to these cells, at least in subcutaneous adipose tissue. 
ASCs and Endothelial Cells Are Linked by Physical and Paracrine Interactions
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whereas ASC CM supported endothelial survival. Analysis of secreted proteins revealed candidates for mediating these responses, extending our previous description of vascular endothelial growth factor, bFGF, and hepatocyte growth factor secreted by ASCs associated with antiapoptotic effects on ECs. 24 Complementary factors secreted by HMVECs included isoforms of PDGF (AA, AB, and BB) as well as EGF, which showed potent mitogenic effects on ASCs, confirming functionality of PDGF receptors identified on ASCs by immunostaining. The heterotypic assembly as well as paracrine crosstalk are consistent with interactions described between microvascular ECs and pericytes from other sources. 27
Dual Roles for ASCs In Situ: Tissue and Vascular Support
Our findings that ASCs are components of the vascular wall functioning in paracrine support of microvasculature, complements previous understanding of their role as preadipocytes, which are able to differentiate and form new adipocytes. 11, 31 The location of the ASCs in the vessel at the interface between endothelium and adipocytes and their ability to both support vascular structure and generate adipocytes suggests a key hypothesis that they play an important role linking adipose tissue parenchymal mass with provision of its vascular supply. Indeed, forced regression of adipose tissue vasculature has been identified as an approach to reducing adipose mass. 41, 42 The novel recognition of a dual role for ASCs in adipogenesis and vascular stabilization also suggests new approaches to manipulation of adipose tissue mass.
It is tempting to speculate that this role for ASCs/pericytes in physiological vascular stabilization could underlie potential mechanisms by which exogenous ASCs enhance vascular supply and limit ischemic tissue loss in models of limb ischemia, as consistently reported. 19, 23, 24, 43 This has suggested that the readily available ASCs be tested as a therapy for ischemic diseases.
ASCs: Multipotent Perivascular Cells
At least 3 lines of investigation point to the notion that stem or progenitor cells in many tissues are deployed on blood vessels. Several studies have shown that pericytes isolated from different tissues are pluripotent. 44 -46 Complementary literature has suggested that MSCs are found in perivascular sites in many tissues: in bone marrow, where they interact with both sinusoidal ECs and hematopoietic precursors; in central nervous system 47 ; in dental pulp 48 ; and in others. 49 Furthermore, developmental studies have identified a perivascular mesangioblast population of dorsal aorta and other vessels that gives rise to multiple cell types, including smooth muscle cells, skeletal and cardiac muscle cells, and bone. 50, 51 The findings of our study indicate that multipotent ASCs also have a perivascular location and express pericytic markers. Analysis of all these findings suggests that in adult tissues, the perivascular compartment represents a niche for multipotent cells. The interaction of EC with these multipotent cells, including ASCs, implies that endothelium modulates their function within this niche.
We have shown that ASCs express the pericyte markers CD140a, CD140b, NG2, and ␣-smooth muscle actin occasionally express CD146 but lack 3G5, also a pericyte marker. 48, 52 Taking these together, it may be best to describe ASCs as a cell with pericytic properties. Without direct comparison of ASCs with pericytes from other sources, their precise relationship is difficult to assess. Also, it may be that pericytes from a range of tissues differ in antigen expression because of unique local environments. Furthermore, we would propose that pericytic identity should be primarily established by physiological properties and function rather than by surface markers.
In conclusion, the highly defined ASC population (
is a subset of adiposederived cells, which in quiescent adipose tissue, possesses a majority of pericytic properties, while harboring the ability to enter into multiple other distinct lineages. 
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